The dendritic nucleation model was devised to explain the cycle of actin dynamics resulting in actin filament network assembly and disassembly in two contexts -at the leading edge of motile cells and in the actin comet tails of intracellular pathogenic bacteria and viruses. Due to the detailed nature of its biochemical predictions, the model has provided an excellent focus for subsequent experimentation. This review summarizes recent work on actin dynamics in the context of the dendritic nucleation model. One outcome of this research is the possibility that additional proteins, as well as the six proteins included in the original model, might increase the efficiency of dendritic nucleation or modify the resulting actin network. In addition, actin dynamics at the leading edge might be influenced by a second actin filament network, independent of dendritic nucleation. Overlaying these aspects of actin polymerization is actin's ATPase activity. Actin monomers bind ATP tightly, and hydrolyze the nucleotide upon addition to the filament. However, under most conditions, hydrolysis occurs with a considerable lag after polymerization. Furthermore, the inorganic phosphate (Pi) product of hydrolysis is released with an even more considerable lag, while the ADP product remains tightly bound. ATP hydrolysis and Pi release affect filament stability, as ADP-bound actin monomers have less affinity for filament ends than do ATP-bound monomers ( Figure 1A ).
The dendritic nucleation model was devised to explain the cycle of actin dynamics resulting in actin filament network assembly and disassembly in two contexts -at the leading edge of motile cells and in the actin comet tails of intracellular pathogenic bacteria and viruses. Due to the detailed nature of its biochemical predictions, the model has provided an excellent focus for subsequent experimentation. This review summarizes recent work on actin dynamics in the context of the dendritic nucleation model. One outcome of this research is the possibility that additional proteins, as well as the six proteins included in the original model, might increase the efficiency of dendritic nucleation or modify the resulting actin network. In addition, actin dynamics at the leading edge might be influenced by a second actin filament network, independent of dendritic nucleation.
Actin is one of the most abundant proteins in eukaryotic non-muscle cells, ranging from low micromolar to hundreds of micromolar concentrations. Its roles in cells are highly diverse, and we probably have not yet identified all of them. Many of actin's cellular roles revolve around its 'dynamics', or ability to polymerize and depolymerize rapidly. For this reason,understanding the mechanisms underlying cellular actin dynamics has been a major research focus for many years. The dendritic nucleation model was proposed in 1998 to explain the formation of branched actin networks nucleated by Arp2/3 complex in motile cells [1] . It was later expanded in 2000 to include explanations of force generation and monomer recycling in these actin networks [2] . This model has had a major effect on the field of actin dynamics, and aspects of the model have been tested in many cellular and biochemical contexts. Our review discusses recent findings in actin dynamics, in the context of the dendritic nucleation model. The first part of the review concerns the roles, or potential roles, of individual proteins in dendritic nucleation. The second part concerns the role of dendritic nucleation in generating actin-based structures in the protrusive region of a migrating cell.
Basic Actin Biochemistry
To understand the dendritic nucleation model, a knowledge of actin dynamics is required [2] . Actin is a 43 kDa monomeric protein that can polymerize into double-helical filaments. The initial stages of polymerization -dimerization and trimerization -are unfavorable and occur slowly ( Figure 1A) . Addition of subsequent monomers is favorable, and the filament elongates rapidly. Since all subunits (i.e. filamentincorporated monomers) face the same direction, the filament is polar. Monomers add faster to one end (known as the 'barbed' or 'plus' end) than to the other ('pointed' or 'minus' end). The rate constants for these reactions are known [3, 4] .
Overlaying these aspects of actin polymerization is actin's ATPase activity. Actin monomers bind ATP tightly, and hydrolyze the nucleotide upon addition to the filament. However, under most conditions, hydrolysis occurs with a considerable lag after polymerization. Furthermore, the inorganic phosphate (Pi) product of hydrolysis is released with an even more considerable lag, while the ADP product remains tightly bound. ATP hydrolysis and Pi release affect filament stability, as ADP-bound actin monomers have less affinity for filament ends than do ATP-bound monomers ( Figure 1A ).
Additional Proteins that Might Act in Dendritic Nucleation
Information has been gathering on several proteins that might play fundamental roles in cellular actin dynamics. We present these proteins here for two reasons: they are present in all eukaryotes examined; and, where measured, they are present at high cytoplasmic concentrations. These proteins could serve in conjunction with cofilin and profilin to enhance monomer recycling rates. 
Srv2/CAP

Aip1
Actin interacting protein 1 (Aip1) is a 67 kDa WDrepeat protein that alone has little effect on actin filament dynamics, but enhances the filament 
Integration of Srv2/CAP, Aip1, and Twinfilin into Dendritic Nucleation
In Figure 1C , we show how Aip1, Srv2/CAP, and twinfilin might be integrated into the dendritic nucleation model (adapted from [27]). Notably, Aip1 and Srv2/CAP may serve to enhance dramatically cofilin/profilin-mediated monomer turnover rates. Twinfilin's role as a sequestering protein may be enhanced by specific cellular localization, but its actual role in actin dynamics is unclear.
Cortactin
The reason we separate cortactin from the aforementioned proteins is that cortactin does not appear to be expressed universally by eukaryotes. Dynamin2 is another interaction partner of cortactin, binding to cortactin's SH3 domain [61] . This interaction might explain cortactin's localization to clathrincoated pits and its importance in receptor-mediated endocytosis [62, 63] . Interestingly, both dynamin2 and cortactin localize, along with Arp2/3 complex and N-WASP, to dorsal 'waves' of membrane at the leading edge of 3T3 fibroblasts stimulated with plateletderived growth factor. The dynamin2-cortactin interaction is necessary for the formation of these waves [64] . Since cortactin's SH3 domain also mediates its interaction with N-WASP, the dynamin interaction is probably mutually exclusive with that of N-WASP. Other conventional dynamins (dynamins 1 and 3) are also predicted to bind cortactin and, indeed, a functional dynamin3-cortactin interaction has been shown in dendritic spines [65] .
Additional Nucleation Factors
Since the dendritic nucleation model was proposed, two further actin nucleation factors have been identified. At present, one hypothesis is that these factors do not act in dendritic network formation, but might assemble other actin-based structures that do not display dendritic branches, including filopodia, microvilli, yeast actin cables, and sarcomeric structures such as stress fibers and cytokinetic rings.
Formin proteins have been reviewed recently [66] , so their barbed-end nucleation activity will not be discussed in detail. Nucleation is mediated by the dimeric formin homology 2 (FH2) domain. However, as discussed below, an equally important function of formins may be their ability to influence barbed-end elongation. All eukaryotes examined possess at least one formin, and most have multiple isoforms.
Mammals have at least 15 formin genes [67], raising the potential for filament nucleation in a variety of cellular contexts.
Spir (sometimes called Spire), has recently been characterized [68] . Like Arp2/3 complex and formins, Spir nucleates filaments that elongate from their barbed ends. However, Spir's nucleation mechanism differs significantly from both Arp2/3 complex and formins. Four tandem WH2 repeats, which are actinmonomer-binding motifs, mediate Spir's nucleation activity. The linker sequence between the third and fourth WH2 domains is also important, and can also interact with monomer. Spir associates with pointed ends similar to Arp2/3 complex, but does not promote filament branching. Electron microscopy of Spir bound to actin reveals a novel, rod-shaped structure that corresponds to four actin monomers aligned longitudinally. This information is the basis for a nucleation model in which each Spir WH2 domain can bind a single actin monomer, stabilizing one protofilament of an actin double helix [68] .
Spir appears to be restricted to metazoans, as no homologues have been identified in yeast, plants, or Dictyostelium. Studies in Drosophila show that Spir is involved in both anterior-posterior and dorsal-ventral patterning [69, 70] . Interestingly, the Drosophila formin, cappuccino, is also important for these polarity events [69] , raising the possibility that both serve to regulate the same actin structures. In this model, cofilin-mediated filament generation is required for initiation of dendritic nucleation, but may be dispensable thereafter, since Arp2/3 complex can then nucleate subsequent new filaments for continued activation. Thus, cofilin might serve two roles: to initiate dendritic nucleation; and to accelerate depolymerization during monomer recycling. The initiator activity might be particularly important for processes requiring directional changes and 'stopstart' motility, such as neuronal pathfinding and chemotaxis.
Regulating Filament Elongation
Immunolocalization studies support these dual roles for cofilin. In the EGF-stimulated system, cofilin enriches more rapidly than Arp2/3 complex to the leading edge, the site of dendritic network formation [15] . In slowly migrating fibroblasts, cofilin also localizes to the leading edge [12] , and this localization is specific for the unphosphorylated, active form [101] . However, in rapidly migrating fish keratocytes, cofilin localizes slightly behind Arp2/3 complex [12] , which might suggest that its recycling role predominates in this case. 
Yeast Actin Patches -Multiple Phases of Dendritic
Dendritic Nucleation in a Migrating Cell
Many eukaryotic cells migrating on a substratum display a characteristic motility sequence, including: protrusion of their 'leading edge' membrane; adhesion of the newly protruded region to the substratum; advancement of the cell body; and retraction of the 'trailing edge' (reviewed in [114, 115] ). Leading edge protrusion is thought to be driven by actin polymerization, while advance of the cell body (the bulk of the cell, including the nucleus) is driven by actomyosinbased contraction. A generic model of a 'typical' motile cell is shown in Figure 3 (please see figure legend for qualifications). In fact, the model cell systems used by investigators can differ significantly in terms of both the rate and the persistence of protrusion. As two examples, fibroblasts exhibit slow (around 1 µ µm/min) and intermittent movement, whereas keratocytes exhibit rapid (>10 µ µm/min) and persistent movement. Neuronal growth cones have additional differences, as outlined later. The data discussed below are derived from studies of multiple cell types, and some of the current discrepancies in the field might be due to differences in motility mechanisms between these cells.
In the remainder of this review, we discuss the actin cytoskeleton in what we refer to as the 'protrusive region' of a migrating cell. In other words, the area involved in the first stage of motility. The dendritic nucleation model was developed partly to explain actin dynamics in this region. Recent work has shown, however, that the protrusive region is more complex than described by the dendritic nucleation model alone.
Lamella and Lamellipodia in the Protrusive Region of a Migrating Cell
Early observations of motile cells recognized that two morphologically distinct actin networks, called lamellipodium and lamellum (see note at end of Figure 3 legend for nomenclature), were present in the protrusive region of a migrating cell (Figure 3) [11,116] . The lamellipodium, at the leading edge, is the site of rapid membrane protrusion and retraction and is composed primarily of a dendritic network. The lamellum, spatially located between the lamellipodium and the cell body, is instead composed of bundles of long actin filaments. While the lamellipodium contains abundant Arp2/3 complex, capping protein and cofilin [12] [13] [14] [15] [16] [17] , the lamellum is rich in tropomyosin and myosin II [11, 117] .
Quantitative fluorescent speckle microscopy (qFSM) has recently emerged as a powerful tool for analyzing molecular dynamics in live cells, and several studies have used qFSM to examine actin dynamics in the protrusive region [118] [119] [120] [121] [122] . Key to these studies is the ability to quantify multiple parameters independently for fluorescent actin speckles, including movement rates and lifetimes for single speckles or groups of speckles. Through this work, four key characteristics have been established for distinguishing between lamellipodial and lamellar networks -actin flow rates, mechanisms of actin network movement (kinematic signatures), actin turnover rates (kinetic signature), and key molecular components (molecular signature) [121, 122] .
While the lamellipodium exhibits rapid actin flow rates (300-500 nm/min), as well as bands of rapid polymerization and depolymerization parallel to the leading edge, the lamellum exhibits slower flow rates (100-250 nm/min), with individual puncta of polymerization and depolymerization (Figure 4) . Strikingly, 85-90% of the filaments generated in the lamellipodium depolymerize at or before the lamellipodium-lamellum transition zone, indicating that the lamellipodial and lamellar filaments are independent entities. In other words, the filaments formed in the Review R352 Figure 3 . Model of a 'typical' motile cell. In reality, there is no such thing as 'typical'. However, we feel that this model, which is based most closely on a fibroblast, illustrates many of the actin-based structures involved in motility. Several qualifications must be made. First, the model is not to scale, as the lamellum is typically much wider than the lamellipodium. Second, the origin of filopodia and microspikes (from lamellipodium or lamellum) is not definitively known. Third, the morphology of lamellar filaments (bundles of long filaments, bundles of short filaments, parallel or perpendicular to direction of motility) is not definitively known, and may vary by cell type. Fourth, the transition zone contains dense actin filaments (and myosin II) oriented perpendicularly to the direction of motility, and may be derived from re-orientation of lamellar filaments, but this relationship is not definitively known. More detailed analysis reveals two general classes of actin speckles -fast-moving and short-lived (class I), and slow-moving and long-lived (class II). Class I speckles localize primarily to the lamellipodium and display a lamellipodial kinetic signature, whereas the majority of the class II speckles localize to the lamellum and appear lamellar kinetically (Figure 4) . However, nearly one third of the lamellipodial speckles are class II, and class II speckles can be found at the extreme leading edge, suggesting that lamellipodial and lamellar networks overlap [121] .
Additional studies suggest that the lamellar network alone can drive persistent cell protrusion [122] . Microinjection of skeletal muscle tropomyosin results in loss of the leading edge lamellipodium and expansion of the lamellum. This change might be caused by tropomyosin's known inhibitory effects on Arp2/3 complex [123] and cofilin [117] activities. Notably, injected cells exhibit longer persistence of leading edge protrusion, which in turn yields an increase in rates of cell advancement over those of control cells.
Thus, our image of the leading edge is being revised (Figure 4) . The lamellipodial network at the extreme leading edge appears to be driven by dendritic nucleation. However, this network terminates abruptly 1-3 µ µm from the leading edge, after which the lamellar network predominates. This suggests that the lamellar network is not formed by remodeling of the lamellipodial network, but is assembled independently. Techniques that allow single filament resolution in this region are necessary to support this conclusion. Additionally, a substantial percentage of lamellar filaments assembles within the lamellipodial region. Finally, the lamellar network alone may be sufficient to drive leading edge protrusion.
These findings raise a number of intriguing questions. Are lamellipodia and lamella redundant in their role of pushing the leading edge forward, or do lamellipodia serve another function, such as pathfinding? Another unresolved issue concerns the mechanism of lamellar filament assembly. If Arp2/3 complex is not the nucleator for these filaments, what is? One possibility is that specific members of the formin family nucleate these filaments [82] .
The roles of non-muscle tropomyosin isoforms in cell motility are also unclear at this point. In muscle sarcomeres, tropomyosin on thin filaments inhibits myosin interaction [124] . Since both tropomyosin and non-muscle myosin II are abundant in the lamellum, does tropomyosin play a similar role here? Or, could non-muscle tropomyosin isoforms have different effects on the activity of non-muscle myosin II, or on other non-muscle myosins? Alternatively, is tropomyosin's main function to block Arp2/3 complex and cofilin activity in the lamellum? For that matter, what is the significance of the multiple non-muscle tropomyosin isoforms [125] , and do these isoforms have specific subcellular functions?
Filopodia and Lamellipodia at the Leading Edge
Protrusive filopodia are present at the leading edge of some, but not all, motile cells. For example, nerve growth cones and most fibroblast lines possess filopodia, but fish keratocytes and mammalian neutrophils do not. Nomenclature heterogeneity exists for filopodia, as the name 'microspike' is also used for these structures. We employ a nomenclature described in [126] , whereby filopodia project beyond the lamellipodial edge, while microspikes do not (see inset in Figure 3) .
Filopodia are morphologically distinct from dendritic networks. In contrast to the branched filament network of the lamellipodium, filopodia are composed of long, bundled, unbranched actin filaments. Neither Arp2/3 complex nor cofilin are present in filopodia [12] . Platinum replica electron micrographs demonstrate that fibroblast filopodia are rooted in the lamellipodium/lamellum [12, 88] . Similarly, nerve growth cone filopodia extend deeply into the growth cone [127, 128] . Expression of a construct that inhibits Arp2/3 complex activity blocks lamellipodial assembly in two cell types [122, 131] . However, expression of this construct does not perturb filopodia in fibroblasts or in nerve growth cones [131] . In fact, Arp2/3 complex inhibition (by inhibitory construct expression or skeletal muscle tropomyosin microinjection) causes formation of filopodia-like structures in PtK1 cells, which ordinarily lack filopodia [122] .
Thus, the mechanism of filopodial assembly is still in dispute. Could this be due to redundancy in filopodial assembly mechanisms? Could filopodia emanate from lamellar, rather than lamellipodial, filaments? Regardless of how these structures form, control of elongation plays a major role in regulating their dynamics. This regulation is exquisitely precise, as elongation and retraction of all filaments in the filopodial bundle is coordinately controlled [129] . Clearly, Ena/VASP proteins and others in the barbedend tip complex play a major role in this control [17,88]. The formin protein mDia2 also appears to play a role in filopodial dynamics and localizes to filopodial tips [132, 133] , and its ability to modify elongation rates (reviewed in [66] ) might be important in filopodial regulation. Myosin X is also enriched at filopodial tips, and its expression level correlates with filopodial length [134] .
It should be noted that there are significant differences between growth cones and protrusive regions of other cells. The actin network in growth cones appears to contain more long filaments and less apparent dendritic branches [128, 131] , and Arp2/3 complex is not concentrated at the leading edge [131] . In addition, while Arp2/3 complex inhibition causes major changes in fibroblast lamellipodial morphology [122, 131] , analogous changes are not apparent in growth cones [131] . The nature of these differences requires further study.
Conclusions and Future Directions
One valuable feature of the dendritic nucleation model is that it has provided focus for a large number of subsequent biochemical and cellular studies. These studies have broadly supported the model, while revealing potential modifications. Additional proteins, such as Srv2/CAP, Aip1, twinfilin, and cortactin, might have roles in dendritic nucleation. Cofilin appears to act in nucleation initiation, in addition to its role in network disassembly. Elongation factors might modify network structure, and allow transition to filopodial bundles. At the leading edge, a second lamellar actinbased network co-exists with the lamellipodial dendritic network, with independent assembly and disassembly mechanisms.
In closing, we would like to point out two other cellular actin-based structures that might be independent of dendritic nucleation. The first are microvilli, which encompass a variety of finger-like, actinbundle-containing protrusions that are not attached to a substratum. Included in this category are stereocilia, Drosophila bristles, epithelial brush border microvilli, and short, dynamic protrusive structures on lymphocytes and other cells [135] [136] [137] . As opposed to most filopodia, microvilli are often not associated with a clear lamellipodium or lamellum, although more detailed analysis might reveal such an association. While a number of studies have greatly advanced our understanding of the molecules controlling microvillar dynamics [138] [139] [140] [141] , assembly mechanisms remain obscure.
Another group of actin-based structures falls largely under the popular name 'stress fibers', with the common theme being that all are assemblies of actin filaments and non-muscle myosin II. This group is highly heterogeneous in actin/myosin architecture, including alternating polarity bundles, mixed polarity bundles, and graded polarity bundles [142] [143] [144] [145] . Cytokinetic rings also fall into this category. Where tested, these structures appear contractile [146, 147] . Assembly mechanisms are unclear, although formins appear to play a role in cytokinetic ring assembly [148] [149] [150] . Many transfection studies in mammalian cells claim to induce 'stress fibers' without clearly showing that these structures contain myosin II, a practice that should be strongly discouraged.
Thus, the dendritic nucleation model has pushed the field forward and, in doing so, has exposed further mysteries. The continued generation of detailed, testable models based on biochemical properties will allow for future progress.
Current Biology R354 Figure 4 . Lamellipodia and lamella in the protrusive region. The lamellipodial network is assembled by dendritic nucleation at the extreme leading edge, and disassembles in a narrow region 1-3 µ µm behind the leading edge. Lamellar filaments display puncta of assembly throughout the protrusive region, but the density of these puncta increases with distance from the leading edge. Lamellar filament disassembly also occurs throughout the protrusive region, with higher density of disassembly toward the rear. Thus, lamellipodial and lamellar filaments overlap in distribution, and are assembled and disassembled independently. 
